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I. Administration of the Contract

A, Personnel

Dr. Prancis B. Clough, Associate Professor of Chemistry at Stevens,
has agreed to collaborate with Dr. Pollara on this research progran.

David C. Locke, who is now completing his Doctoral studies at Kansas
State University, has been appointed Post-Doctoral Research Fellow under the
provisions of the contrect., He will assume his responsibilitiezs in June,
1964,

Appointment of a Graduate Research Assistant under the provisions
of the contract has been postponed to the academic year 1964-85, largely

due to unavailability of a suitable cendidate.

B. Activity to Dete on the Research Project

Before the proposal was finally funded, wuch of the experimental work
envisioned in the proposal was carried out by Daniel E. Martire, in the
course of his Ph.D. research. The original hope was that Dr. Martire's final
year cf doctoral research would be supported by this contract, but it was
necessary to find other weys to support him, The work wags made possible
through the use of the facilities of the Esso Research and Enginecering Com-
pany. An account of Dr. Martire's work is included in this report.

This Ynﬁstiming of the term of the contract with the schedule of studies
for Dr. Martire slowed further progress on the reseerch during the fall of
1963, +~dditional details are set forth In Stevens' letter to Dr. Smuwdl dated
22 September 1963, A further complication has been the illness of the prin-
cipal investigator, Dr. Luigi Pollara. It is expected that the collaboration
of Dr, Clough will partially remedy this loss of time and prepare for the

arrival of the Post~-Doctoral Fellow in June 1964,




C. Projected Activity on the Research Project

Until June, Dr. Clough will coBperate with the Principal Investigator
in following up the work begun by Dr, Martire. The establishment of labora-
tery facilities as indicated in the proposal will be included. In June Dr,
Locke will join the group, and in September 1964 a pre-doctoral Graduate

Research Assistent will also begin working on the project.

II. Results from the Investigation to Date
The results obtained thus far in this research project are described
in the Toctoral Dissertation of Daniel E, Martire”. Although this work was
not supported by the contract, it is the bzsis for further work under the
contract, and will be described below, The abstract of the Dissertation is

appencded to this report.

* Daniel E, Martire, "An Investigation of the Thermodynamics of Dilute
Non-Electrolyte Solutions by Means of Gas-Liquid Chromatography,™ Ph.D.
Thesis, Stevens Institute of Technology, 1963. University Microfilm,
Mie 63-6981, Aun Arbor, Michigan. Most of this work will appear in
"Advances in Chromatography,” Vol., I, edited by J, C. Giddings and R,
A, Keller, shortly to be published by Marcel Dekker, Ine.

A. Validity of Activity Coefficients Determined by Gas-Liquid Chromatcgraphy

Martire analyzed the question of the validity of the activity coeffi-
cients deduced fyom gas chromatographic data. When the precautions he
stressed are observed, activity coefficients for solutes at infinite dilu-
tion obtained by this method seem accurate to within 2% (and probably repro-
ducible to within 1%).

The essential precautions are as follows: Sample sizes must be small,
and the column packing should be at least 15% liquid to minimize the possi-
bility of adsorption on the solid. Accurate measurement is required of

column temperature, initial retention time, temperature of the flowmeter,
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inlet and outlet pressures, flow rate, and weight of the liquid phese. After
conzidering the observed variations of corrected retetion volumes with flow
rate, lartire recommends that average values of the specific initial reten-
tion volumes be taken for activity coefficient computations. His reason is
that any justifiable extrapolation procedure would require an impractical
extension of experimental time, with little improvement in aceuracy.

The computation of the activity coefficients requires aiso a knowledge
of the fugacities of the solute vapors at the vapor pressure of the solute,
These fugacitiecs are available for many hydrocarbons, but setisfactory values
for polar solutes are not easily obtained. Since a comparison of solute be-
havior is a prineipal objective of this research, all of the activity coeffi-
cients in Martire's thesis were calculated using vapor pressures for fuga-
cities. A finer corrsction involves interactions between the solute and the
carrier gas. The experimental study of these corrections holds open the
interesting possibility of obtaining second virial cocfficients for the inter-

actions of gases, frox gas-liquid chromatography data.

B. Results of ths Experiments

Sinece the main objective in this research is to analyze interactions be-
twecen molecules in gsolution, the experimental work was designed to provide
data under uniform conditions on a broad spectrum of solvent-solute pairs.
Porty-four solutes, including aromatic and aliphatic hydrocarbons, and halo-
genated hydrocarbons were studied in eight different carrier liquids as sgol-
vents. The eight solvents, which had to be of low volatility, were n-eicosane,
squalane, l-hevadecanol, N, N-dimethyl myristamide, di-n-butyl tetrachloro-
phthalate, di-n-butyl phthalate, dinonyl phthalate, and benzvl diphenyl.

A sampling of the activity ccefficients obtained from these experim@nts
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(ng, calculated using solute vapor pressures in place of fugacities) are
presented in Fige. 1 and 2. For other values and full details reference
must be made to Martire's thesis. The results presented here will serve to

indicate the possibilities of comparison which these data afford.

C. Interpretation of the Results

Reflection on these and other data in the light of contemporary theorics
of solutions brings sharply into focus some of the shortcomings of these
theories, and leaves the impression that new tacks must be taken before an
adequate theoretical understanding of activity coefficients can be obtained,
Contemporary theory does, however, shed light on many aspects of golution ba-
havior,

Within the concept of a regular solution, the activity coefficient can
be thought of as the superpoaition of two parts: 1n ) g = In Xli +1n %5 .
The first part, 1ln ;, is regarded as a statistical contribution related to
the difference in size of the two molecules; this contribution can be estima-

ted, and the contribution will always ylield negative deviations from Raoult's

law., The second part, In Yfgy can by estimated, following the Hildebrand-

Scatchard treatment, by the equation 1n x; = R;* 2 (81- 52)2 vhere S
is the solubility parameter (the energy of vaporization per cma). These con-
tributions will always be positive deviations from Raoult's law.

Martire made use of this relationship to discuss data of Desty and
Swanton (1961) on sliphatic and unsaturated hydrocarbons in aromatic solvents,
While the results of this treatment were gratifyingly good, the approxima-
tions involved show that this approach leaves much to be desired., One signi-
ficant observation, however, is that the contribution from the size difference
is clearly present in Martire's data. 1In particular, Martire showed that the

difference in molecular size of squalane and eicosane, the twe hydrocarbons

used as solvents, could account for, in a reasonably quantitative way, the
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differences in aetivity coefficients in these solvents. The parallel be-

.
havior of the

aetivity coefficients in squalane and eicosane can be observed
in the charts sccompanying the previous section.

The technic of factor enalysis, as deseribed in the next section, holds
premise of being of great help in developing new semi-empirical theories of
solute-solvent interactioms.

D. The Application of PFactor Analysis to the Utilization of Activity Coef-~
ficient Data

Dr. Pollara and his students have had considerable success in applying
the technic of factor analysis to correlation of various properties of sub-
stances. This technic has been used by Martire, to develop a way of examining
the effectiveness of particular liquid substrates for GLC separations.

The essential problem that must be resolved, for this application,.is
how to interpret the variations observed in In"} in terms of fundamental
preperties and interactions of molecules. Generally, one searches for a
linear equation in the properties. To illustrate, suppose that the polari-
zability, o , and the molar volume, v, of the solvent were the only signifi-
cant properties. Then, for solvents 1 and 2 and solute 1, equations as
follows would be expeCted:

¥y = kg ¢ by

1n'1§21 = ay; + byv; , and so forth,
The a; and bi are solute factors to match the solvent factors C{l and vye In
another sclvent, with factors €, and vy:

InY, = gk, + b;v,

InYg oy = a,o, + b2v:2 , and so forth,
In general, when more factors must be included, a; and b, are examples of
solute factors nlj, while Ciz and v, are examples of solvent factors qu. An

equation for solute i in solvent k would then be written as




1n Yi.k = % neiix

summed over all the various terms j.

While analysis of data into equations of this sort is frequently attemp-
ted, two difficulties generally arise, It is seldom clear how many factors
are needed, or even whether some factors included are redundant; and it is
not easy to discover just what are the relevant factors. It is the firsti of
these questions which is most specifically attacked by factor analysis--just
how many factors will be sufficient. The second question, that of discoverimg

the ralevant factors in terms of measurable molecular proparties, remains
task for chemical insight. Once, however, the hypothesis is made that cer-
tain factors cover the requirements, factor snalysis again furnishes a technie
for testing the hypothesis, and for generating the final coefficients, e.g.,
the nj ;e

in Martire's study, it did not scem possible as yet to isolate the
physical parameiesrs appropriate to the description of the activity coeffi-
cients (or 1n~za) for solutes in various solvents. This remains a desirable
goal., However, chemiecal iyight was used in choosing the solutes and sol-
vents for the study, with the aim of "spanning the solute and soivent factor
;pace," i.e, of including in the solvent-solute pairs all of the types of
interactions necessary to cover the most general situation,

One set of data -- all of the activity coefficients in one solvent
(dinonyl phthalate, DNP) and all of the coefficients for five solutes --
were set eside, to be used to check the results of the factor malysis. A
factor analysisz was then carried out, at each of the three temperatures of
the stud}. on the values of In‘fg for the remaining 39 solutes in seven
solvents. The result of this treatment was the discovery that only Eixg

terms were needed (i{.e., j runs from 1 to 5) in the equations In ¥ i) =
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Z nijqjk to reproduce the data within experimental error (2%). The znalysis

yields values for the solute factors, nij’ and solvent factors but of

g jk
courgce does not, as observed above, tell how they are to be interpreted in
phvsical terms. Actually this analysis leaves us with 5 x 39 solute factors
and 5 x 7 solvent factors, which then, if we were successful in choosing data
to span the factor space, should make possible prediction of other data from
only a few measurements.

The £irst test of this result was to apply it to the data which had
been set aside. For the solvent DNP, the five factors, qj, required were
obtained by using ln]f values for five solutes in DNP expected to span the
solute factor space. (Here chemical intuition!) These values were next
used in conjunction with the solute factors N5 to recompute the activity
coefficients of the remaining 34 solutes in DNP, obtaining excellent agree-
ment with the experimental values.

The next test was to take the data on the five solutes set aside, and
determine the solute factors, njjs for each of them from the data in a suitable
set of five solvents, the solvents this time being chosen to span the solvent
space. These values could then be used to reproduce the inY values for
the sclutes in the remaining three solvents, with excellent to fair agreement
with experiment.

The guccess of these tests establishes the practical value of the factor
analysis, They illustrate, respectively, the procedure for characterizing
a new solvent for gas-liquid chromatography, and the procecdure for déciding
what solvents would best separate a particular solute from a mixture. In
either case five experimental determinations of activity coefficients (i.e.,

of specific retention volumes) are sufficient. The sclvent or solute fac-

tors cbtained from these could then be used to caleculate relative volatilities
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of solutes in proposed separations, thereby deciding the most effective con-
ditions for a separation without the great expense of further expzriment.
The only question detracting from a general application cof this scheme
is how well the study has covered the variety of solvent-solute interactions.
This remains to be seen, but it seems probable from the evidence available
that the technic of factor analysis with these data goes a long way towards
providing a rapid, certain way of choosing the solvent to obtain highest

efficiency in any given gas-liquid chromatography separation.

IIT. Research Planned for the Coming Year

The proposal for which this grant was awarded called for a study of &0
solutes in 20 solvents, Martire's work (performed at Esso Research and
Engineering Company) covered L4 solutes in only 8 solvents. The success of
his study, in particular the application of factor analysis, will make pos-
sible shortening the labor of studying the remaining combinations on the
original list, and the insights obtained will suggest other solutzss and sol-
vents to focus atteantion on.

During the summer 1964, the laboratory at Stevens will be ready for
uvse in collecting data. Systematic application of the technic of factor
analysis {o data collected to characterize the solutes and solvents will
enable prediction of other activity coefficients., These will then be deter-
nined experimentally only as far as they give weful information.

The studies ef the theory of solutions begun by Martire will be
pushed, In particular, attention will be given to =alternatives to the
Hildebrand-Scatchard approach. The information already collected on tempera-
ture dependence of the activity coefficients has not yet been exploited.

A further aspect of the study of the fundamental theory of solution
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interactione is the possibility of obtaining interaction virial cozfficients
from the data. We want to explore fully this interesting pessibility.

Later an extension of the range of applications and new ingsights may
be obtained through the study of selected inorganic compounds, Consideration
will be given during the year to more imaginative extensions of the research,
Mr. Locke, the Post-Doctoral appointee tc join us in June, with a background
in gas-liquid chromatography, has expressed interest in fused salt systems,

and in low molecular weight solvents.




Appendix

The Abstract, "An Investigation of the Thermodynamies of Dilute Non-Electrolyte
Solutions by Means of Gas-Liquid Chromatography," Daniel E, Martire, Ph.D.
Dissertation, Stevens Institute of Technology, 1963.

It has been shown that the activity coefficient for the solute component
at infinite dilution in the liquid phase cen, in prineciple, be measured by
means of gas-liquid chromatography (G.L.C.). However, tO obtain thermo-
dynamically sound and accurate values, certain experimental precautions must
be taken and the resulting data must be critically analyzed. Accordingly,
activity coefficients have been measured for forty-four solutes in eight
solvents (352 non-electrolytic binary solutions) at 53.2° ¢, 74.1° C and
93.5° C, Both negative and positive deviations from Raoult's law are cbserved.

A porticn of this data is studied through a combined Hildebrand-
Scatchard and Cuggenkeim-Miller approach to solution theory. By regarding
the solution as being “"regular” and then taking into account the difference
in gize between the solute and solvent moleculez, a modified equation is
daveloped which quantitatively predicts (to within three percent of the meas-
ured values) the activity coefficients for a limited number of systems.

To arrive at a wmore general formulation, the mathematical technique of
factor analysis is applied to the data. This results in a method for the
quantitative prediction of the activity coefficient of the solute, regard-
less of the gsize or polarity of the components of the solution. It is showm
that this method can be directly applied to aid the analyst in predicting
the suitability of a solvent phase for a difficult G,.L.C. separation.

In conclusion, it is illustrated that the values for the experimental
activity coefficients appear to be consistent with the ef zct of size and
with the intermolecular forces (dispersion, dipole-induced dipole, dipcle-~
dipole, hydrogen bonding, etc.) which are known to be operative in the
liquid phase.



